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SUMMARY AND CONCLUSIONS 
A survey was made to determine the extent of sulfur deficiencies 
in some of the low organic matter soils of the state. Field, greenhouse 
and laboratory experiments were conducted on soils from widely 
separated locations north of the Platte River, using alfalfa as the 
test crop. 
Conditions were found to range from severe sulfur deficiencies 
to no evidence of deficiency. Some field locations gave evidence of 
severe deficiency. These were usually highly leached, sandy soils low 
in organic matter. One soil developed a moderate sulfur deficiency 
during six years of continuous alfalfa production. T h is was a sandy 
soil, relatively high in organic matter and underlain by silt loam 
loessial material. The occurrence of a sulfur deficiency on this soil 
suggests the probability of widespread deficiencies developing where 
high crop yields make heavy demands upon the sulfur supplying power 
of the soil. 
On sandy subsoils which have been uncovered by wind erosion, 
greenhouse tests and field observations indicate that sulfur nutrition 
of alfalfa is a major problem. 
Gypsum and elemental sulfur as fertilizers for alfalfa differed only 
slightly in effectiveness when particle size and placement were optimum 
for both. Elemental sulfur must be very finely divided, e.g., particles 
less than 0.1 mm. diameter, for best results. 
The carotene content of alfalfa deficient in sulfur and phosphorus 
was increased by sulfur fertilization and particularly by fertil ization 
with sulfur plus phosphorus. Phosphorus alone had no effect. 
The protein content of alfalfa grown on sulfur-deficient soils was 
increased by sulfur fertilizers. Where deficiencies were minor or did 
not exist, a decrease in protein percentage was sometimes noted. 
Sulfur fertilizers increased the sulfur content of alfalfa grown in 
the greenhouse and the field. Data from this study would suggest 
that a sulfur concentration in the range of 0.22-0.25 percent at the 
tenth bloom stage is essential for optimum growth and yield. 
Sulfur-yield values for three to four cuttings of alfalfa in the field 
ranged from 5.6 to 30.5 pounds of sulfur per acre. An amount of 25 
pounds sulfur per acre would seem to be a representative value for 
modest yields of alfalfa. 
The residual effect of a 50-pound application of sulfur was evident 
m alfalfa yields after two years. 
The sulfur content of precipitation was measured for two years 
at seven locations in Nebraska. Sulfur in precipitation was related 
to population density and industrial activity. South of Omaha the 
sulfur in precipitation averaged 11.7 pounds per acre per year. In 
Pierce and Cherry Counties, both almost exclusively agricultural areas, 
precipitation added only 4.1 pounds of sulfur per acre per year. These 
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amounts of sulfur are not sufficient to maintain a high level of pro-
duction of such crops as alfalfa, which have high sulfur requirements. 
This study established the effectiveness of a soil test involving phos-
phate extraction for indicating need for supplemental sulfur. Cali-
bration of this test suggests assured response below 6 ppm. sulfur, 
possible response in the range of 6-10 ppm., and unlikely response 
above 10 ppm. 
Sulfur Fertilizers for Alfalfa Production in Nebraska , 
R. L. Fox, A. D. Flowerday, F. W. Hosterman, 
H. F. R hoades and R . A. Olson2 
INTRODUCTION 
The use of sulfur fertilizers in the United States is not new. It 
was reported that Benjamin Franklin used gypsum plaster (calcium 
sulfate) to write "This has been plastered" on a field of clover near 
a road. Whether the improved growth which resulted was due to the 
calcium, sulfur, or both, will never be known. 
In the early years of this century, the amount of sulfur in virgin 
and cultivated soils was compared in Wisconsin Kansas, and Kentucky. 
About 40 percent of the total soil sulfur had been lost by 30 to 60 
years of cropping. Later sulfur deficiencies were reported in several 
states including Oregon, Washington, California, Idaho, Montana, 
N orth Dakota, Iowa, Arkansas, and more recently in several south-
eastern states. 
Sulfur deficiency in Nebraska was first identified in 1952 in Pierce 
County. Alfalfa grew well on a limed sandy soil low in organic matter 
immediately after an addition of concentrated superphosphate which 
contained a small amount of sulfur. After one year, the alfalfa became 
stunted and yellow in appearance and yields were low. An application 
of sulfur, as magnesium sulfate, gave the alfalfa a dark green color 
and increased yields. Alfalfa on plots which had received magnesium 
but no sulfur remained stunted and yellow. 
Greenhouse and field experiments on another sandy soil in Pierce 
County indicated a response of alfalfa to sulfur even when the soil 
was moderately well supplied with organic matter.3 In both of these 
' T his work was supported in part by grants from the American Plant Food 
Institute and the Sulphur Institute. 
2 Former Associate Professor of Agronomy, now Assoc. Prof. Soil Science, Univ. 
of Hawaii; Superintendent Northeast Nebr. Expt. Sta .; former Graduate Assistant 
in Agronomy, now agronomist with the Climax Molybdenum Co.; former Professor 
of Agronomy (deceased); and Professor of Agronomy, Univ. of Nebraska. 
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studies, sulfur deficiency became apparent only after lime and phos-
phate had been applied. 
These results supported observations by farmers in the area that 
ordinary superphosphate, which contained about 9 percent sulfur, 
was sometimes superior to higher analysis superphosphate which con-
tained less sulfur. They also made evident the need for more intensive 
study of sulfur deficiency in Nebraska soils. 
The well-drained sands of the Sandhills and immediately border-
ing the Sandhills meet all requirements for sulfur deficiency. They 
are easily leached of soluble salts; organic ma tter is often very low; 
there are no large industrial or population centers; irrigation water, 
where used, is probably low in sulfate; commercial fertilizers used are 
low in sulfur; and manure is often improperly managed. 
Soils in general are being depleted of their store of sulfur-con-
taining organic matter. Industrial smoke is being reduced. Fertilizers 
are more concentrated, with little or no sulfur impurity. At the 
same time, crop yields are being increased by better crop varieties and 
cultural practices. Thus, ever increasing demands for sulfur by larger 
crops are being met by declining supplies of sulfur. As this trend 
continues, new areas of sulfur deficiency will be found in Nebraska 
and the problem will become more acute in areas now recogn ized 
as sulfur deficient. 
In order to elaborate all aspects of the sulfur problem in alfalfa 
production, a series of field , greenhouse and laboratory experiments 
was initiated to determine: 
1. The influence of sulfur fertilization on the yield of alfalfa 
in Nebraska. 
2. The influence of sulfur fertilization on the protein, vitamin A, 
and sulfur contents of alfalfa. 
3. The sulfur supplying capacities of various soils under field 
and greenhouse conditions. 
4. The sulfur content of precipitation at widely scattered points 
in Nebraska. 
5. Soil properties associated with sulfur deficiency. 
6. Optimum methods for estimating the sulfur status of soils by 
soil testing. 
The purpose of this bulletin is to summarize the important research 
findings relating to sulfur needs of alfalfa grown on Nebraska soils. 
SOURCES OF SULFUR FOR PLANTS 
A crop may derive its sulfur from several sources. An understanding 
of the possible contribution from each source will help in predicting 
the likelihood of sulfur deficiency. 
3 Knuth , W. F. Magnesium, sulfur, boron , and copper status of Th urman soil 
for alfalfa production. MSc. Thesis, Univ. of Nebraska , 1952. 
Soil Sulfur 
Well drained surface soils of Nebraska usually contain only small 
quantities of sulfur as inorganic sulfates. Sulfates are readily avail-
able to plants and, like nitrate nitrogen, may be lost by leaching. 
Salty soils often contain large amounts of sulfate, since sulfates of 
sodium, potassium, calcium and magnesium are all common salts. 
Organic matter contains sulfur which is released to available 
forms upon its decomposition by microorganisms. In the dark colored 
prairie soils of Minnesota almost 75 percent of the sulfur in the surface 
horizon was found in organic combination .-1 There was about nine 
times as much nitrogen as sulfur in these soils. 
Sulfur m Water 
All prec1p1tation contains sulfur, although the amount varies 
greatly from place to place. Near industrial and population centers, 
where sulfur-containing gases are vented to the atmosphere, 100 pounds 
per acre per year of sulfur may be washed from the air by rain and 
snow. In rural areas, far removed from industrial and population 
centers, less than five pounds of su lfur per acre per year is often 
recorded. 
Irrigation waters vary greatly in their sulfur content. Streams 
which are fed by melting snow and rain often contain only small 
amounts of sulfur near their sources, but in their lower reaches the 
sulfur content (and salts in general ) may become high as an increasing 
proportion of ground water and irrigation drainage enters the stream. 
Water from the Platte River may contain 200 or more pounds 
of sulfur per acre foot. This is far more than can be utilized by the 
most demanding crop. In contrast, water flowing from the Sandhills 
contains much less sulfur. Values as low as four pounds of sulfur per 
acre-foot have been reported for the Middle Loup River at St. Paul. 
There are substantial amounts of sulfur in the groundwaters of 
Nebraska. Amounts range from as low as 3-4 pounds per acre-foot 
to something in excess of 1,500 pounds. A representative state-wide 
figure is perhaps 45 pounds per acre-foot. Minimum values are found 
as a general rule in the Sandhills counties and maximum values in 
those counties where irrigation is extensively practiced. Some of the 
largest values are very local and result from drainage of salty water 
contained in ocean-laid geologic strata. 
Atmospheric Sulfur 
Plants and soils may absorb sulfur directly from the atmosphere. 
The importance of this source depends upon the concentra tion of 
' Evans, C. A. , and Rost, C. 0 . Total organic sulfur and humus sulfur of 
Minnesota soils. Soil Science 59:125- 137. 1945. 
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sulfur in the atmosphere. In areas removed from industrial smoke the 
amount absorbed is no doubt very small. 
Sulfur in Fertilizers, Manures and Residues 
Manure and crop residues contain sulfur which is released when 
these organic materials are decomposed. Part of the value of manure 
as a top dressing for legume seedings on sandy lands may be related to 
its sulfur content. 
Large amounts of sulfur may be added to some soils in commercial 
fertilizers which are intended to supply other nu trient elements. 
Ordinary superphosphate and ammonium sulfate supply approxi-
mately as much sulfur as they do phosphorus or nitrogen. Concen-
trated superphosphates and high analysis nitrogen fertilizers contain 
little or no sulfur. 
INFLUENCE OF SULFUR FERTILIZER ON ALFALFA YIELDS 
Plants will not grow without sulfur. If sulfur is below a certain 
critical level, plant growth is retarded and the plant shows symptoms 
of deficiency. Sulfur deficiency symptoms have been recognized in two 
crops in Nebraska, alfalfa and corn, although the deficiency probably 
also occurs in other crops. Sulfur deficiency causes alfalfa to appear 
as if i t were not inoculated or as if the soil needed lime. The plants 
are uniformly light green or yellowish-green, leaves are narrow and 
smaller than normal, and the plants produce fewer than normal 
stems from the crown so that the stand may appear poor. 
A survey type of study was initiated to determine the influence 
of sulfur on alfalfa yields. Field experiments were conducted at a 
number of locations in northeastern and northcentral Nebraska 
(Figure 1 ). Soil samples taken from these and other field locations 
also were used in greenhouse studies. Most of the soils studied were 
loamy sand and fine sandy loam in texture, with a few being of 
loam or silt loam texture. Organic matter contents ranged from 0.25 
to 2.9 percent with most of the soils containing less than 1.0 percent 
organic matter. Four of the soils were calcareous with pH values of 
approximately 8.0. The other soils varied from strongly to slightly 
acid (pH 4.9 to 6.7). 
Field Experiments 
Relative Response of Alfalfa to Sulfur on Sandy Soils 
Field experiments were conducted on established stands of alfalfa, 
the following treatments being used in most of the experiments: 
1. None 
2. Phosphorus (86 lbs. P per acre as concentrated superphosphate) 
6 
CHERRY 
• 
GARDEN 
j, FIELD PLOT (ALFALFA) - GREENHOUSE SOIL 
• RAIN GAUGE 
Figure 1. Location of field experiments and rain gauges in the reported sulfur 
studies. 
~-, 
3. Sulfur (50 or 100 lbs. sulfur per acre as elemental sulfur) 
4. Phosphorus + sulfur 
5. Phosphorus + gypsum (containing 50 or 100 lbs. sulfur per acre) 
All fertilizers were broadcast on the soil surface during the winter 
or early spring. 
Stands were adequate for a satisfactory yield of alfalfa at all of the 
experimental locations. Moisture was, however, a limiting factor in 
production at several locations. Yields were obtained from three cut-
tings at most locations, although only one or two cuttings were 
obtained from some locations. 
The effect of sulfur fertilization upon alfalfa yields in the field 
varied greatly among the locations investigated. In approximately 
two-thirds of the field tests conducted, yields of sulfur fertilized 
alfalfa were greater than the yields of alfalfa without sulfur (Table 1 ). 
Table 1. Relative response of alfalfa to applications of sulfur at 20 locations 
in the field (1953-1961) . Detailed data are presented in Table 2 of the 
Appendix.• 
Magnitude 
of response, 
% 
-IO to 0 
I to IO 
11 to 50 
51 to 100 
IOI+ 
No phosphate 
Number Mean 
of response, 
locations % 
6 -2 
8 4 
3 28 
2 82 
I ll3 
With phosphate 
Number 
of 
locations 
5 
7 
6 
2 
0 
Mean 
response, 
% 
-2 
6 
24 
70 
a Mean increase in yield from the 20 locations as a result of sulfur fertilization was 19 
percent where no phosphate was used and 15 percent where phosphate was used. 
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Figure 2. Dry matter and protein yield as influenced by phosphorus and sulfur 
fertilizers. 
Yields of alfalfa were increased approximately 100 percent when sulfur 
was applied without phosphate at the Ferris farm in Merrick County 
and the Dean farm in Pierce County (Figures 2 and 3). Where super-
phosphate was applied, the mean response from sulfur at these two 
locations was 51 percent. Sulfur, in the amount of about 1.2 percent 
or approximately 5 pounds per acre, was a constituent of the super-
phosphate fertilizer used in these experiments. Evidently this small 
amount had a considerable effect on the yield of phosphorus fertilized 
alfalfa. Had sulfur-free phosphate fertilizer been used, it is possible 
that the benefits of sulfur fertilizer would have been more striking. 
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Figure 3. Influence of sulfur on the growth of alfalfa in a field experiment 
on the Carey Dean farm in Pierce County. 
The larger mean increase from sulfur for all experiments where phos-
phate was omitted as compared to concurrent phosphate treatment (19 
vs 15 percent increase respectively) further suggests a benefit from 
sulfur in the phosphate. However, the same relationship is apparent 
for the last six experiments of this series (Table 2, Appendix) for 
which a sulfur-free source of phosphorus had been used. This suggests 
that some further nutrient interaction or substitution is taking place 
in the phosphorus-sulfur nutrition of the plant. 
If it is assumed that the fields studied were representative of the 
sandy lands growing alfalfa in northeastern and northcentral Ne-
braska, it seems reasonable to generalize from the data in Table 1 
that 30 percent of the alfalfa fields will respond noticeably (greater 
than 10 percent increase) to applications of sulfur where no phosphate 
is applied. A larger proportion, approximately 40 percent, would 
likely show an appreciable response of the alfalfa to additional sulfur 
where concentrated superphosphate containing only a small amount 
of sulfur is used. 
Relative Response of Alfalfa to Sulfur on Eroded Silty Soils 
The above data apply specifically to sandy soils of low organic 
ma tter content. There is good cause also for suspecting the low 
organic matter silty soils of northeastern Nebraska, especially the 
Crofton series. These soils are on steep slopes and ridge tops where 
they have been subjected to severe erosion and have minimal organic 
accumulation in the surface. Exploratory field experiments were estab-
lished in Stanton, Dixon and Cedar Counties for evaluating this ques-
tion, with the results presented in Table 2. Clearly, supplemental 
phosphorus is usually required for optimum yields on the Crofton soils, 
but sulfur needs arc apparently being satisfied by sulfate stored in 
the silty substratum, low organic matter content of the surface not-
withstanding. 
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Table 2. Influence of sulfur and phosphorus fertilizers on the yield of alfalfa 
grown on Crofton soil (1954-1962). 
Fertilizer Stanton Co. I Dixon Co. I Dixon Co. I Dixon Co. Cedar Co. treatments (W heeler) (T,rube) ( Ri cketts) 
T. / A. T. / A . T. / A. T. / A. T ./A. 
Field Experiments 
None 2.5 4.4 1.5 3.0 0.8 
Phosphorus 2.7 4.2 1.9 2.1 
Sulfur 2.7 2.9 
Phosphorus + sulfur 2.7 4.2 1.8 2.1 
Greenhouse Experiments 
Dixon Co. Pierce Co. 
g. / pot g./pot 
None 7.9 5.3 
Phosphorus 17.0 12.2 
Sulfur 9.3 5.9 
Phosphorus + sulfur 23.4 20.6 
Yield response to sulfur has been observed on Crofton soils where 
alfalfa was grown in the greenhouse (Figure 4 and Table 2). In these 
cases there was no subsoil horizon to contribute to the crop's nutri-
tional requirements. This observation does emphasize the need for 
continued surveillance of the sulfur status of these soils in the fie ld. 
Influence of the Subsoil on Response to Sulfur 
Some alfalfa fields may require little or no fertilizer sulfur even 
though the sulfur-supplying power of the surface soil is very low. 
Subsoils usually contain very little organic matter which can serve as 
a source of sulfur, but some subsoils contain appreciable amounts of 
sulfate sulfur which has been leached from the surface. This sulfur 
may be an important source for plants with deeply penetrating roots. 
Greenhouse and field data from the Soil Conservation Demonstration 
Farm in Pierce County demontra te this point. The original topsoil 
had been removed by wind erosion. The exposed surface was yellow 
sand, very low in organic matter, and shown by greenhouse tests to 
be highly deficient in sulfur. About three feet below the soil surface 
was a deposit of medium textured loess. The work of Knuth had indi-
cated that this material contained a small amount of sulfate. Much 
less response from sulfur was obtained in the field than was pred icted 
by greenhouse experiments with the surface soil. Evidently subsoil 
sulfur was almost enough to compensate for the very poor sulfur 
nutrition in the topsoil. 
Soil material 
Sandy surface soil 
Sandy surface soil+ silt loam 
subsurface 
T est condition 
Greenhouse expt. 
Field experiment 
JO 
Response to Sulfur 
136% 
11 % 
PHOSPHORUS 
CROFTON 
O!XON COUNTY 
PHOSPHORUS 
OROF'TON 
PIERCE COUNTY 
Figure 4. Influence of sulfur and phosphorus on the growth of alfalfa. Soil 
is calcareous Crofton silt loam, low in organic matter. 
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Greenhouse Experiments 
Bulk soil samples from a number of the field locations were used 
in the greenhouse studies. They were placed in two-gallon or one-half-
gallon pots and planted to alfalfa. Fertilizer treatments similar to 
those used in the field were applied to the soil surface, except that 
a sulfur-free source of phosphorus was used and the phosphorus plus 
gypsum treatment was omitted. 
In the greenhouse it was possible to eliminate the complicating 
effects of sulfur in rain and irrigation water and the sulfur supplies 
in the subsoil which are encountered under field conditions. No effort 
was made to eliminate the effect of sulfur-containing atmospheric 
gases. No doubt these effects were greater than would have been 
encountered in the field because the greenhouse experiments were 
carried out during the winter months at Lincoln. As will be shown 
later, precipitation during the winter at Lincoln is relatively high in 
sulfur. No doubt the atmosphere also contains a relatively large amount 
of sulfur-containing gases. 
Yield increases arising from the use of sulfur and phosphorus 
ferti lizers were greater in the greenhouse than under field conditions. 
A summary of results from experiments with 37 soils is presented in 
Table 3. Neither sulfur nor phosphorus was completely effective unless 
deficiency of the other was removed. This effect is demonstrated in 
Figure 4 and by the following summary of data from Table 3 in 
the Appendix. 
Yield increase due to: 
S (no phosphorus supplied) 18% 
P (no sulfur supplied) 32% 
T otal.. 50% 
Sulfur plus phosphorus 56% 
S (phosphorus supplied) 24% 
P (sulfur supplied) 7% 
The individual effects of sulfur and phosphorus totaled less than 
the effect of the two acting together. Thus the elements have com-
plemented each other in promoting the growth of alfalfa. 
Table 3. Relative response of alfalfa to applications of elemental sulfur under 
greenhouse conditions (surface soils from 37 locations in Nebraska). 
No phosphate __ . Phosphate 
Magnitude Number Mean Number Mean of 
response, % of response, of response, 
soils % soils % 
-10 to 0 7 -8 9 - 7 
I to IO 9 + fi 7 + 4 
11 to 50 17 + 24 14 +3 1 
51 to JOO 4 + 65 7 + 72 
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The greenhouse experiments predicted with fair accuracy the 
sulfur response obtained in the field. The straight line equation 
relating response from sulfur ferti lizer in the field to response in
the greenhouse for the first 13 soils was calculated as follows: 
F=0.78G-15 (r=0.573) 
Where F = Increased yield (%) in the field from applied sulfur 
G = Increased yield (%) in the greenhouse from applied 
sulfur 
This equation indicates that soils showing less than a 20 percent 
increase in yield in the greenhouse probably will not respond in the 
field. Perhaps this can be accounted for by the sulfur contained in 
precipitation, by sulfur contained in the phosphorus ferti lizer applied 
in the field, and in some cases by sulfate contained in the subsoil of 
the field site. 
RELATIVE EFFECTIVENESS OF SULFUR CARRIERS, 
PLACEMENT AND PARTICLE SIZES 
Comparison of Gypsum and Elemental Sulfur in the Field 
Elemental sulfur and gypsum were compared as sulfur fertilizers 
for alfalfa at 18 field locations. Three locations which gave no indica-
tion of sulfur deficiency were eliminated from the following summary. 
At some locations, such as Brown County (Fling) and Merrick County 
(Ferris), yields of gypsum treated plots were distinctly higher than 
were yields from plots given an equivalent amount of elemental sulfur 
(Figure 2) . A comparison of yields from plots ferti lized with elemental 
sulfur and gypsum at the 15 responding locations (33 cuttings) indi-
cates a small yield advantage from the use of gypsum. 
Fertilizer 
Phosphorus 
Phosphorus + elemental sulfur 
Phosphorus + gypsum 
I Mean yield per cutting I T ./ A. 
1.15 
1.33 
1.38 
Increase in yield 
(% ) 
16 
20 
Field experiments specifically designed for detailed comparison 
of these carriers reveal contradictory evidence on this topic, however 
(Table 4). Gypsum was decidedly superior to elemental sulfur at the 
Antelope County No. 2 site. It also was best at the Pierce No. 1 loca-
tion when phosphate was omitted, but the two carriers were equiva-
lent with concurrent phosphate application. Gypsum was superior to 
sulfur, with or without su pplemental phosphorus, in the Antelope 
County No. 1 experiment of 1960, but was inferior in residual action 
in 1961. The small utiliza tion of sulfur applied will not permit 
explaining this disparity as a depletion phenomenon in the first year. 
In order to resolve these differences, controlled greenhouse studies 
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Table 4. Total yield of alfalfa and of sulfur in the hay as influenced by treat-
ment of sandy soils with elemental sulfur and gypsum. 
Treatment 
50 lbs. S/ A. where 
sulfur carrier applied 1-
- T_o_ta_l _y_ie-ld- of- dry_ m __ a t-te_r_, -I Yield of S, lbs./A. T./ A. 
0 lbs. P / A. ! 86 lbs. P/ A. 0 lbs. P / A. 86 lbs. P/ A. 
T hurman v.f.s.l., P ierce Cou nty No. I , 1960 (4 cuttings) 
None 
Sulfur (8 mesh) 
Gypsum 
None 
Sulfur (8 mesh) 
Gypsum 
None 
Sulfur (8 mesh) 
Gypsum 
2.51 3.22 5.8 
3.36** 4.73** 8.8** 
4.00** 4.73** 18.2** 
O'Neill I., Holt Coun ty No. I, 1960 (one cutting) 
1.33 1.55 2.4 
1.45 1.74 2.8 
1.84* 1.92* 7 .2** 
O 'Neill I., Holt County No. I , 1961 (one cutting) 
0.74 0.75 2.7 
1.38** 1.33** 7 .2** 
1.17** 1.32** 5.9** 
Thurman v.£.s.l., Antelope County No. 2, 1961 (3 cuttings) 
None 
Sulfur (8 mesh) 
Gypsum 
1.11 1.49 4.2 
2.02** 
2.46** 
T hurman v.f.s.l., Pierce Cou nty No. 2, 1960 (2 cuttings) 
None 
Sulfur (8 mesh) 
Gypsum 
2.1 4 2.26 7.1 
2.23 2.28 9.7" 
2.10 2.28 9.4* 
Thurman v.f.s.l., Pierce County No. 3, 1960 (3 cuttings) 
None 
Sulfur (8 mesh) 
Gypsum 
4.65 4.89 24.3 
4.75 4.90 27.2 
4.93 4.86 33.8"* 
• Significantly different from the check at the 5 percent level. 
•• Significantly different from the check at the I percent level. 
7.8 
22.4** 
20.3"* 
2.6 
4.0** 
7.6** 
2.7 
7 .9"* 
5.8** 
5.6 
10.4"* 
17.3"* 
8.3 
7.7 
10.7* 
25.6 
26.9 
30.5"* 
were conducted with the additional objective of establishing the 
significance of particle size of sulfur and its placement on effectiveness 
of the carrier. 
Particle Size and Placement Experiments m the Greenhouse 
Yield data for six cuttings of a greenhouse experiment on acid 
sandy soil comparing gypsum and two particle sizes of elemental sulfur 
show insignificant differences between these carriers mixed with the 
soil (Table 5 and Appendix T able 5). There was a slight advantage 
for flowers of sulfur in terms of sulfur yield in the forage. It is of 
interest to note in this experim ent that all m aterials caused a progres-
sive increase in nitrogen content of the forage with sulfur increments 
up to 40 ppm. Thus total nitrogen yield in the forage was m arkedly 
enhanced by the addition of fertilizer sulfur alone. 
Yield and uptake data from five cuttings of a companion experi-
ment in the greenhouse with all of the sulfur materials top-dressed 
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Table 5. Relative yields of dry matter and of sulfur and nitrogen contained in 
alfalfa forage as influenced by d ifferent rates of gypsum, flowers of sulfur 
and particles 0.05 to 0.10 mm in diameter from 8-mesh sulfur mixed with the 
soil. Values are for the sum of six greenhouse cuttings on Thurman l.f.s.• 
Rate of sulfur, ppm. S. 
Sulfur carrier 
10 20 40 
Relative yield of dry matter, % of maximum 
Gypsum 
Flowers of sulfur 
70 90 94 
68 85 93 
S particles 0.05-0.10 mm. 73 90 93 
R elative yield of sulfur in forage, % of maximum 
Gypsum 34 55 79 
Flowers of sulfur 35 57 84 
S particles 0.05-0.10 mm. 39 60 88 
Relative nitrogen content of forage, % of maximum 
Gypsum 89 96 98 
Flowers of sulfur 88 92 98 
S particles 0.05-0.10 mm. 86 94 96 
80 
95 
100 
98 
88 
100 
91 
98 
99 
100 
a R elative dry matter yield and yield of sulfur in the forage for the control pots were 37 
and 14 percent respectively. with nitrogen content of 2.52 percent. Maximum dry matter 
yield, yield of sulfur in the forage, and nitrogen content were 16.54 g./pot, 66.9· mg./ pot, 
and 2.93 percent respectively. 
were comparable to those obtained with mixed application (Table 6 
and Appendix Table 5). Again there was no significant difference in 
yield among carriers, but in this case the effect of carriers on sulfur 
yield was indeterminate. It would seem that all of the carriers were 
used less efficiently with top-dressing, especially at the lower rates of 
Table 6. Relative yields of dry matter and of sulfur and nitrogen contained in 
alfalfa forage as influenced by different rates of gypsum, flowers of sulfur 
and particles 0.05--0.10 nun. in diameter from 8-mesh sulfur top-dressed on the 
soil. Values are for the sum of five greenhouse cuttings on Thurman l.f.s. 
Rate of sulfur, ppm. S 
Sulfur carrier 
JO 20 40 80 
Relative yield of dry matter, % of maximum 
Gypsum 74 90 100 98 
Flowers of sulfur 69 92 95 98 
S particles 0.05-0.10 mm. 75 91 100 95 
Relative yield of sulfur in forage, % of maximum 
Gypsum 29 51 74 82 
Flowers of sulfur 21 40 71 100 
s particles 0.05-0.10 mm. 23 38 80 95 
Relative nitrogen content of forage, % of maximum 
Gypsum 88 95 97 97 
Flowers of sulfur 89 95 97 98 
S particles 0.05-0.10 mm. 89 94 100 97 
a Relative dry matter yield and yield of sulfur in the forage for the control pots were 42 
and 12 percent respectively, with nitrogen content of 2.52 percent. Maximum dry m atter yield, 
yield of sulfur in the forage and nitrogen content were 14.63 g./ pot, 79.1 mg./ pot, and 
2.95 percent respectively. 
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application, in consideration of the lower sulfur yields. The sulfur 
effect in promoting nitrogen percentage of the forage was prominent 
and similar to that obtained with mixed application. 
Tables 7 and 8 (and Table 6, Appendix) supply data from com-
panion greenhouse experiments which studied the effect of sulfur 
particle size on utilization efficiency. Two size ranges of 0.25-0.50 mm. 
and 0.50-1.00 mm. diameter were separated from an 8-mesh sulfur 
source, the latter containing a wide range of particle sizes from very 
fine up to the 8-mesh maximum (about 2.5 mm.) . The three materials 
were compared in mixed and top-dressed applications in terms of 
yield of forage, sulfur yield and nitrogen percentage. The coarse 
separate (0.05-1.00 mm.) was noticeably inferior to the other materials 
for increasing yields at application rates below 160 ppm. when mixed 
and 320 ppm. when top-dressed. It did not afford maximum sulfur 
yield at even the highest rate of application with either method of 
application. The intermediate separate (0.25-0.50 mm.) although com-
parable in forage yield effects with 8-mesh material gave lower sulfur 
yield below 160 ppm. when mixed and at all rates when top-dressed. 
All of the materials had a beneficial effect in increasing nitrogen per-
centage of the foliage. The coarsest material again evidenced some 
inferiority in this respect, but only at the two lowest rates of 
application. 
The combined results from these field and greenhouse studies 
demonstrate that there may be differences in effectiveness of gypsum 
and elemental sulfur for supplying the sulfur needs of the alfalfa crop. 
Table 7. Relative yields of dry matter and of sulfur and nitrogen contained in 
alfalfa forage as influenced by different rates of 8-mesh sulfur, particles 0.25-
0.50 mm., and p articles 0.50-1.00 mm. in diameter from 8-mesh material mixed 
with the soil. Values are for the sum of six cuttings on Thurman 1.f.s." 
Sulfur particle size Rate of sulfur, ppm. S 
40 so 160 
Relative yield of dry matter, % of maximum 
8-mesh sulfur 
S particles 0.25-0.50 mm. 
S particles 0.50-1.00 mm. 
83 96 98 
82 92 96 
62 70 91 
Relative yield of sulfur in forage, % of maximum 
8-mesh sulfur 
S particles 0.25-0.50 mm. 
S particles 0.50-1.00 mm. 
36 61 82 
32 55 79 
17 26 44 
Relative nitrogen conte nt of forage, % o( maximum 
8-mesh sulfur 
S particles 0.25-0.50 mm. 
S particles 0.50-1.00 mm. 
93 97 96 
94 99 98 
M 91 % 
320 
JOO 
98 
96 
94 
100 
73 
97 
100 
94 
1 Relative dry matter yield and yield of sulfur in the forage for the control pots were 37 and 
9 percent respectively, with nitrogen content of 2.52 percent. Maximum dry matter yield, 
yield of sulfur in the forage and nitrogen content were 16.60 g./ pot, 99.4 mg./pot and 2.99 
percent respectively. 
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Table 8. Relative yields of dry matter and of sulfur and nitrogen contained in 
alfalfa forage as influenced by different rates of 8-mesh sulfur, particles 0.25-
0.50 mm., and particles 0.50-1.00 mm. in diameter from 8-mesh material top-
dressed on the soil. Values are for the sum of six cuttings on Thurman l.f.s." 
Sulfur particle size Rate of sulfur, ppm. S 
40 80 160 
R elative yield of dry matter, % of maximum 
8-mesh sulfur 
S particles 0.25- 0.50 mm. 
S particles 0.50- 1.00 111111. 
86 99 100 
77 83 95 
60 68 74 
R elative yield of sulfur in forage, % of maximum 
8-mesh sulfur 
S particles 0.25-0.:\0 mm. 
S particles 0.50-1.00 mm. 
46 80 99 
38 59 84 
I 8 30 36 
R elative nitrogen conten t of forage, % o f m ax imum 
8-mesh sulfur 
S particles 0.25-0.50 mm. 
S particles 0.50-1.00 mm. 
98 100 99 
93 96 98 
83 92 95 
320 
96 
97 
90 
100 
9-l 
78 
95 
99 
99 
a R e lative dry matte r yield and yie ld of su lfur in the forage for the control pots were 42 and 
12 percen t respectively, with nitrogen content of 2.52 percent. Max imum dry matter yield.
yield of sulfur in the forage and nitrogen content were 14.70 g ./pot, 78.2 mg./pot and 
2.90 percent respectively. 
It must be concluded, however, that with optimum size particles and 
m ethods of placement for bo th m aterials these differences are likely 
to be slight. ln some cases it seems probable that gypsum would prove 
superior by reason of its calcium content when applied to acid, cal-
cium-deficient soil. This would not be a reflection of greater efficiency 
of the sulfur conta ined, however, but ra ther an additional response to 
the calcium provided. 
Oxidation Rate of Different Sized Sulfur 
Particles in the Laboratory 
Elemental sulfur can be oxidized slowly in soil by chemical means, 
but microbiological oxidation is far more rapid when conditions are 
favorable. It has been shown that mineral soils usually have less than 
200 thiobacilli per gram. The population, therefore, is never dense 
unless sulfur compounds are added deliberately, which under favorable 
environmental conditions r esults in a population explosion. 
An experiment was undertaken in the laboratory for studying the 
rate of sulfur oxidation in rela tion to size of sulfur particles and 
temperature of the incubation medium. Thurman loamy sand from 
a field which h ad proved sulfur deficient for alfalfa production was 
used for the study. The sulfur materials were thoroughly mixed with 
the soil followed by moistening to the field capacity. Brown wrapping 
paper covered the containers during incubation at both 40° and 
75° F. Samples were extracted weekly by means of a small probe, _ 
at which time the soil was moistened again to field capacity. The 
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removed soil samples were air dried and subsequently extracted with 
KH2P04 solution for sulfate a nalysis, and pH was determined on a 
1 :2.5 suspension of the soil. 
Figure 5 demonstrates striking temperature and particle size 
effects on rate of sulfur oxidation in this ac id sanely so il. As indicated 
by both pH and extractable sulfur, rate of sulfur oxidation is extremely 
slow at 40 ° F., irrespective of sulfu r particle size. At 75 ° F., su lfur 
flour caused notable reduction in pH and increase in extractable 
sulfur with time of incubation. T h e flour grade was decidedly more 
effective in its act ion than 16-mesh sulfur th ro ughout the 4-week 
incubation period. 
A companion experiment to the above stud ied the influence of 
concu rrent lime application on rate of sulfur oxidation from different 
sized elemental sulfur particles. The sul fur materials were thoroughly 
mixed at rates of 20, 80 and 320 ppm. , and 400 ppm. calcium also 
was mixed with the so ii in h alf of the flasks. Incubation at 75 ° F. 
E; 70 
~ 
'fl' 
0"t- 50 
Cl) 
~ 
~ 
~ 30 
" ~ ~ 
>< 
'<I 10 
:I 
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________ .. l6ME.SH-75° 
;:,-_-.:,f6_~~--~: :~~:-1:....:;_;: :~.--~---~r;;..~=--=··=·,&1}~~~!.~~~o· 
~CHE.CK-40° 75• 
~ -= · ·...:..: ·.:..:,\'.·=-~---~- -~-i'---= .. '7'" - <CHECK-40° 
"'-.._ --- - --- - -.,FLOUP.-40° 
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2 .3 4 
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Figure 5. Solubilization of S0,-S as influen ced by temperature during incubation 
and kind of S carrier (166 ppm. S in m a terials added to Thurman loamy sand). 
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Figure 6. Release of S0,-S from different sized sulfur particles during incubation 
of Thurman loamy sand at 75 ° F. with and without liming (80 p.pm. S 
added with each material. Numerical values in figure are pH). 
along with wetting, sampling and analytical procedures were carried 
out as above. 
Large differences in oxidation rate were apparent among the 
several particle sizes of sulfur employed in this experiment (Figure 
6 and Appendix Table 7). Effects on pH were limited at particle sizes 
larger than 0.25 mm., increasing in magnitude with fineness from 
thi s point. Actually, there was no appreciable difference in pH effects 
between the < 0.10 mm. and flour grades. The same general picture 
emerged for extractable sulfur as for pH. 
It is of interest to note that sulfur oxidation was enhanced by liming 
and time of incubation. Despite the known facultative nature of 
sulfur oxidizing organisms, permitting the development of strong 
soil acidity with sulfur when desired, they nonetheless oxidized sulfur 
most efficiently under low acidity conditions. Clearly this is a matter 
of significance in deriving efficient returns from sulfur fertilization. 
Sulfur in Phosphate Fertilizers 
The concentrated superphosphate u sed for the field experiments 
prior to 1957 for supplying 86 pounds P per acre also supplied about 
six pounds of sulfur to those plots which received phosphorus. This 
should be sufficient sulfur to produce about one ton of alfalfa . Evi-
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Table 9. Yield of sulfur and percent sulfur in alfalfa at three locations in Ne-
braska (1953). 
Fertil izer Brown Co. ~f crrick Co . 
trea tmen t S content S yield S content 
(%) (Lbs./A.) (%) 
N one 0.20 12.8 0.2 1 
Phosphorus .24 19.4 .31 
Sulfur .29 20.8 .28 
P hosphorus + Sulfu r .28" 24.7" .35" 
11 Mean of two treatments: J . P hosphorus + elementa l su lfu r 
2. P hosp horus + gypsum 
S yield 
( Lbs. / A.) 
5.9 
15.2 
15.8 
2~.4· 
Pierce Co. 
S con tent S yield 
( % ) (Lbs ./A.) 
0.28 4.7 
.20 4.9 
.40 13.8 
.28 13.8 
dently thi s sulfu r was effect ively utili zed. At two locations (Brown and 
Merri ck Coun ties), the phosphorus fe rti lized alfa lfa con ta ined a higher 
percen tage of sulfu r and produced higher sulfur yields than did the 
unfer t ilized alfa lfa (Table 9) . T he mean increase in sulfur yield 
resulting fro m p hosphorus fert ilization at these two locations was 7.4 
pounds per acre, a va lue which approximates the amount of sulfur 
added with the phosphorus. 
The data from Pi erce County demonstrate tha t sulfur applied in 
the concen trated superphosphate was almost completely utilized dur-
ing the first year. At that locat ion the or iginal application of concen-
trated superphosphate was made in 1949. The same fert ilizer was 
reapplied in the spring of 1952. As a result of the 1952 appl ication, 
yie lds increased greatly for one year b u t were only modes tly increased 
in l 953 (Table l 0). Th is behavior suggests that sulfur and not phos-
phorus was the most l im it ing factor for plant growth and that it was 
the sulfur and not the phosphorus in the fertil izer which gave the 
big increase in yield in l 952. 
The y ield of phosphorus fertilized a lfa lfa in l 95 3, one year fol-
lowing p hosphorus fert ili zat io n, was 0.7 ton per acre greater than the 
check. However, there was only 0.2 pound difference in sulfur yield 
(Table 9). Decreased sulfur percentage in the p lant compensated for 
Table 10. I n Auence of phosph orus fe r t ili zer (conta ining sulfur) on the yield of 
alfa l fa , Pierce Coun ty, 1950- 1953. 
Year C heck 
Increa se in yie ld due to trea tmenta 
yie ld P hosphorus Phosphorus+ Su lfurb 
T./ A. T ./ A. T./ A . 
1950 0.8 0.3 
195 1 1.2 0.6 
1952 1.4 1.9 2.6 
1953 l.O 0.7 2.2 
TOTAL 4.4 3.5 
All p lot s received blank e t app lication o f lim e and potassium Phosphoru s applied at 86 
lbs. P pe r acre in 1949 <1 nd again in J952, the fcnilizcr suppl yi ng about 12 lbs. suUur. 
lJ Elemental su lfur was applied in 1952 o n ly. 
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the increased yield. Evidently the sulfur supplied with the super-
phosphate was utilized in one year. 
A further examination of the data from the Pierce County loca-
tion in Tables 9 and 10 will demonstrate that during a four year 
period phosphorus fertilization (a total of 172 pounds P per acre 
was used) increased yields 3.5 tons (12 percent moisture basis). If the 
sulfur percentage of phosphorus-fertilized hay is assumed to equal 
that for 1953 (0.2 percent S oven dry), then the total amount of sulfur 
in the increased hay yield was 12.3 pounds. This approximates the 
amount of sulfur applied with the phosphorus (about 12 pounds). 
These data suggest that a short term response to large applications 
of concentrated superphosphate may indicate sulfur deficiency, 
although the possibility of phosphorus fixation cannot be disregarded. 
Phosphorus fertilizers are certainly excellent sources of sulfur for 
alfalfa. Since sulfur deficiency and phosphorus deficiency often occur 
together, and both sulfur and phosphorus are taken up by alfa lfa in 
approximately equal amounts, a logical ferti li zer for many fields 
would contain about equal amounts of sulfur and phosphorus. Ordi-
nary superphosphate provides approximately that ratio. Higher 
analysis phosphorus fertilizers could be made to any desired sulfur 
content by mixing in sulfur or gypsum. 
RESIDUAL EFFECTS OF APPLIED SULFUR 
The previous section gives evidence that small amounts of sulfur 
may be completely utilized during one year. Larger quantities of 
sulfur have a more lasting effect. This is demonstrated by data from 
three locations in 1952-53 where 50-100 lbs. per acre of sulfur main-
tained the yield response for two years, as follows: 
Yield, T. / A. 
1952 1953 
Phosphorus or lime 3.1 2.7 
Phosphorus or lime + su lfur 4.0 3.7 
A visual response was noted but no yield measurements made during 
the third year. 
Studies on several acid, sandy soils of northeastern Nebraska dur-
ing 1959-1962 clearly show that sulfur is carrying over effectively from 
an initial application of 50 lbs. S/ A. through the third year at least 
(Table 11). Excluding the one non-responding Pierce County loca-
tion , there was an average yield increase of about 1.6 tons of hay 
per acre in the third year due to sulfur application in 1959, with a 
concurrent increased sulfur yield of 8.9 pounds. 
Leaching can be expected to occur to some extent in sanely soils 
of the type where sulfur response is being obtained in Nebraska. These 
data suggest, however, that the problem is not of the magnitude that 
exists with nitrogen on such soils. 
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Table II. Yield response of alfalfa over a three-year period to an initial applica-
tion of 50 pounds sul£ur per acre, 1960-1962. 
lncrease in h ay a nd S yields d ue to sa 
1960 196 1 1962 
L oca tion H ay, s, H ay, s, Hay, s, T ./A. lbs./A. T./ A. l bs./A. T./ A. lbs./A. 
Antelope 0.75 8.2 1.94 I I.I 
Pierce (Knaak) 1.52 13.8 1.43 7.6 
P ierce (Duerst) - .01 3.1 - .22 4.7 
H olt (planted 1959) .08 2.9 0.43 3.9 1.50 6.9 
(p lanted 1957) .38 3.3 0.64 4.3 
(plan ted 1956) .37 2.7 l.51 10.0 
' Fertilizers added in the fa ll of 1959. 86 lbs. P / A. of su lfu r -free superphosphate, a nd 50 lbs. 
of S in 8-mcsh elemental sulfur a nd as gypsu m. Increases in h ay yield and sulfur yield 
calcu lated as the differe nce between yields with phosphorus o nly and those with phosphorus 
p lus sulfur (average for element a l su lfur and gypsum). B lank spaces occasioned b y drough t 
conditions; only fi rst cu tting yie lds represent ed in Holt County in 1960 a nd 1961. 
SOIL ORGANIC MATTER AND SULFUR DEFICIENCY 
An arrangemen t of the data as in Table 12 demonstrates that sulfur 
deficiency in the field is rela ted to the level of soil organic matter. 
T his rela Lionship is b y no means perfect because several unrela ted 
factors-such as sulfur add it ions through the use of phosphate fer-
tilizers, precip itation a nd irrigation water, or the presence of su lfates 
in the subsoil-are n ot taken into account by the organ ic matter 
test on a su rface soil sample. If these factors are con trolled, h owever, 
as in a greenho use experimen t (Figure 7), th e organic matter test can 
predict the response to sulfur fertili zers with fair accuracy. 
T he demand of a crop in the fi eld for sul fur depends upon a 
number of facto rs, some of which canno t be measured by soil tests. 
T hese factors include the level of other nu trien ts and the adequacy of 
soil mo isture. Nevertheless, some generali zation is desirab le r egarding 
the use of organic matter levels in predicting sulfur fertilizer needs. 
T he following general rule is p resented as a g uide for fu ture testing: 
In northeast Nebraska a r esponse to sulfur fertilization may b e 
expected in a lfalfa grow ing on deep sands con taining less than 1.0 
Table 12. Rela tionship between 01·ganic m atter conten t o f soils and response of 
alfalfa to sulfur fertili zation. 
O rga n ic 
matter , % 
0-0.5 
0.5-1.0 
1.0- 1.5 
1.5 + 
No. of locations 
G reenho use F ield 
3 
5 
4 
2 
5 
2 
5 
2 
_Mean in crease in yield, % a 
Greenhouse 
79 
25 
27 
- 6 
F ield 
24 
14 
8 
- I 
a Correlat ion coefficien ts be tween yie ld in crease and soil organic matter level : 
Greenho use, r ~ -0.551 * 
Field , r = - 0.442 
Specific data a re fou nd in Tables 1-3 of Append ix 
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Pierce County 
Organic matter = 
S response 
Soluble P 
0.38% 
97% 
=8 ppm. 
14% P response 
Wheeler County 
Organic matter = 
S response 
Soluble P 
0.81 % 
40% 
=4 ppm. 
= 173% P response 
1.32% 
61 % 
Greeley County
Organic matter = 
S response 
Soluble P = 7 ppm. 
64% P response 
Garfield County 
Organic matter = 
S response 
Soluble P 
1.79% 
1% 
P response 
42 ppm. 
1% 
Figure 7. Effect of sulfur and phosphorns on alfalfa growth on four soils. SuHur 
response increased with decreasing soil organic matter. Phosphorus response 
increased with decreasing available soil phosphon1s. 
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percent organic matter if soil moisture, stand, and the level of nutrients 
other than sulfur are adequate for high production, and if no sulfur-
containing fertilizers have been used. 
Old stands of alfalfa may become sulfur deficient even if the 
surface soil contains a greater amount of organic matter. At the 
Pierce County Conservation Demonstration Farm, sulfur treated plots 
produced 9 percent more alfalfa in the fifth year of production and 
13 percent more in the sixth year than plots which did not receive 
sulfur. The surface soil at that location contained 1.27 percent organic 
matter. Sulfur levels in lower soil horizons contribute to response 
or lack of it, and certainly the sanely character of the substratum at 
this site must have been responsible in considerable part for the 
positive response observed. 
INFLUENCE OF SULFUR FERTILIZATION 
ON ALFALFA COMPOSITION 
The sulfur content of plants may vary greatly because inorganic 
sulfates are accumulated when an excess of sulfate is supplied through 
the soil. The borderline for a sufficiency of sulfur in alfalfa has been 
reported as about 0.15 percent. 5 Being a constituent of some amino 
acids and of some vitamins, it is not surprising that sulfur influences 
the total nitrogen, amino acid, and vitamin contents of plants. Sulfur 
probably has indirect effects similar to nitrogen, since both, as consti-
tuents of protein, influence the plant in many ways. 
Sulfur fertilization may give rise to a considerable increase in 
crude protein in plants. Therefore, it is reasonable to assume that a 
deficiency of sulfur will result in an inferior feed. This has been 
demonstrated experimentally.6 Lambs, fed sulfur-deficient hay plus 
supplemental methionine (one of the essential, sulfur-containing amino 
acids), gained more than lambs which were fed only sulfur-deficient 
hay. Alfalfa grown on a su lfur-deficient soil was an inferior feed for 
lambs compared with alfalfa grown with adequate sulfur. 
Protein and Carotene Contents 
Increases in nitrogen percentage of alfalfa produced in greenhouse 
experiments have been reported in Tables 5-7. Those increases would 
represent increases in crude protein ranging from 2.56 to 2.94 percent 
where the maximum sulfur effect was manifest. In field experiments 
5 Haddock, J. L., and S. C. Vandecaveye. Yield and chemical composition of 
a lfalfa on two western ·washington soil types. Soil Sci. Soc. Amer. Proc. JO: 129- 133. 
1946. 
0 Weir, W. C., and V. V. Rendig. Studies on the nutritive value for lambs of 
alfalfa hay grown on a low sulfur soil. Jour. Animal Sci. 11:780-781. 1952. 
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Figure 8. Influence of sulfur and phosphorus fertilizers on the protein content of 
alfalfa grown in the field. 
there was a trend toward increased crude protein in the sulfur fertilized 
alfalfa in those instances where there had been a substantial sulfur 
deficiency as indicated by the appearance of the alfalfa and by alfa lfa 
yields (Figure 8). Decreased protein content was sometimes noted 
when su lfur was applied to soi ls which did not show clear evidence 
of sulfur deficiency. 
Alfalfa growing on some soi ls was greatly enriched in protein by 
sulfur ferti li zation (Table 13). For example, the protein content of 
Table 13. Influence of sulfur and phosphorus on the carotene (expressed as 
vitamin A) and crude protein content of alfalfa grown in ·Merrick County, 
1953- 1954. 
Trea tment 
None 
Sulfur 
Phosphorus 
Phosphorus + sulfur 
Crude Protein 
1953 · I 1954 
% % 
15.0 15.2 
16.4 17.2 
16.7 15.5 
18.3 17 .8 
Vitamin An 
1953 1954 
International International 
units/ lb. units/lb . 
143,000 148,000 
169,000 159,000 
138,000 151,000 
176,000 185,000 
n Thank s is expressed to Dr. Roy C. Lipps who assisted with the vitamin A determinations. 
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field grown alfalfa from Merrick (Ferris) County was increased from 
15.5 percent (no treatment, first cutting) to 20.5 percent (phosphorus 
plus gypsum first cutting). This was a relative increase of 32 percent. 
Phosphorus fertilizer also had a beneficial effect on the protein content, 
but this effect did not persist through all cuttings of the year, indi-
cating that the relatively small amount of sulfur supplied with the 
phosphorus was responsible, and soon exhausted. 
The carotene (vitamin A) content of alfalfa was measured on field 
grown alfalfa from one experiment (Table 13). Sulfur alone increased 
the carotene content modestly, phosphorus alone had no effect, but 
alfalfa fertilized with both sulfur and phosphorus contained the 
highest concentration of carotene. The combination increased carotene 
concentration 26 percent above the check in l 953 and 25 percent 
in 1954. 
Sulfur Content 
The sulfur content of alfalfa grown both in the greenhouse and 
field was modified considerably by ferti lization with sulfur (Table 
14). In general, sulfur fertilization increased the sulfur content of 
the vegetation while phosphorus had an indeterminate effect. In the 
greenhouse experiments, sulfur percentage of alfalfa produced on 
some soils was radically reduced by application of phosphorus alone. 
Gypsum proved somewhat superior to the 8-mesh su lfur employed 
in those experiments for elevating sulfur content. 
The yields of greenhouse and field grown alfalfa were approxi-
mately doubled when sulfur was applied to the Pierce (Dean) County 
soil (Tables 2 and 3 of Appendix). Yet the unfertilized greenhouse 
alfalfa contained 0.32 percent sulfur while that from the field con-
tained 0.28 percent. On the other extreme, maximum yields were 
produced with sulfur treatment on a sandy soil in Holt County in 
1960 with sulfur percentage of 0.16. The critical point of sulfur 
deficiency as indicated by these tests appears to be somewhat more 
variable than noted by some previous studies. It seems probable, how-
ever, that for adequate sulfur nutrition alfalfa should contain about 
Table 14. Sulfur content of alfalfa grown in the greenhouse and field as influenced 
by sulfur and phosphorus fertilizers, 1952-1962. 
Greenhouse Field 
Fertilizer (37 soils) (I 4 locations) 
Mean Range Mean Range 
% % % % 
None 0.31 0.1 8-0.63 0.18 0.09-0.28 
Sulfur 0.45 0.31-0.99 0.23 0.09--0.40 
Phosphorus 0.28 0.15- 0.51 0.19 0.09-0.31 
Sulfur + Phosphorus 0.45 0.25- 0.83 0.22 0.11-0.31 
Gypsum + Phosphorus 0.26 0.1 5-0.38 
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0.22-.25 percent sulfur when the alfalfa is harvested at 1/ 10 bloom. 
It is interesting to note that among the first series of 13 soils used in 
greenhouse experiments the soil which produced the highest yield of 
alfalfa produced alfalfa with the highes t content of sulfur. 
Sulfur yields for field alfalfa are presented more fully in Table 4, 
page 14. Moderately high yields of alfalfa removed about 25 
pounds per acre of sulfur from the soil when both sulfur and phos-
phorus were applied. This value may represent some luxury con-
sumption of sulfur. 
THE SULFUR CONTENT OF PRECIPITATION 
Sam pies of precipitation were collected at seven locations in 
Nebraska (Figure 1) for a period of two years and were analyzed 
every three months for sulfur. 7 These analyses demonstrate that even 
in a predominantly rural area, there is considerable variation in the 
amount of sulfur brought down in rain water (Table 15). Nemaha 
County, which is south of Omaha and southeast of Lincoln, and the 
Agronomy Farm at Lincoln, Lancaster County, received the most 
sulfur. A Sandhills location (Halsey in Thomas County) ranked third 
in total amount of sulfur recorded. The rain gauge at Halsey was 
near the headquarters building of the Nebraska National Forest and 
was not far from a m ainline railway. All other locations reported less 
than 6 pounds of sulfur per acre per year. 
Figure 9 shows that precipitation is highest in sulfur content 
during the winter months. Presumably this is because domestic use 
of fuel is highest in the winter. For high yields of crops like alfalfa 
six pounds of sulfur does not go very far toward meeting the sulfur 
requirement. For small yields of alfalfa and for average yields of 
other crops this small contribution probably means the difference 
between sulfur sufficiency and deficiency over much of the state. One 
ton of alfalfa hay contains about 6 pounds of sulfur. For other crops 
Table 15. Total su1£ur in rainwater at seven locations in Nebraska. 
Location (county) 
Nemaha 
Lancaster 
Pierce 
W'ebster 
Thomas (Halsey) 
Cherry 
Box Butte 
I st year 
lbs./A. 
9.1 
8.9 
4.2 
6.6 
6.7 
2.3 
6.4 
Total sulfur 
2nd yea r 
lbs./ A. 
14.2 
7.5 
4.0 
4.2 
6.4 
5.8 
3.8 
Average 
Jbs./ A. 
11.7 
8.2 
4.1 
5.4 
6.5 
4.1 
5.1 
7 The analyses for sulfur were carried out at Mississippi State College by 
H. V. Jordan. 
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the need is not so great. Thirty bushels of wheat or 60 bushels of 
corn contains only about 4 pounds, although additional sulfur is 
required for growing the vegetative parts. 
Some soils cannot supply the difference between crop requirements 
and the rain's contribution. When this occurs, a su lfur deficiency 
exists unless another source is utilized. Some of the sulfur received 
in rain water is lost through runoff and leaching. Thus in most of 
Nebraska there is not enough sulfur gained in the precipitation to 
meet the needs of legume crops in particular. Some other source of 
supply must meet the need. 
In the past, the extra sulfur required h as come from soil organic 
matter. This original storehouse has been and is being depleted by 
cropping and erosion in the majority of soils. Only time will tell how 
extensive the problem of sulfur deficiency will become. Eventually the 
pattern of sufficiency and deficiency will be determined largely by 
the amount of sulfur in irrigation waters and proximity to industrial 
and population centers. 
PREDICTING SULFUR NEEDS BY SOIL TESTING 
In order to assure the effective use of sulfur fer tilizers it is important 
that soil testing methods be devised for delineating the soil areas 
of sulfur need. It is not a sound agronomic practice to apply aclcli-
28 
tional sulfur to benefit crops where luxury consumption of the 
element is already taking place, nor is this economically feasible. 
Thus blanket recommendations for sulfur use should not be made, 
and the alternative is a soil test correlated and calibrated to Nebraska 
soil conditions. 
A coordinated greenhouse and laboratory investigation was under-
taken in 1960-61 for development and trial of methods for estimating 
sulfur availability in Nebraska soils. Twenty-four bulk soil samples 
were brought to the greenhouse and cropped to alfalfa through four 
cuttings with the following treatments: 
1. None 
2. Sulfur, 25 ppm. S as H 2SO4 
3. Phosphorus, 100 ppm. P as Ca(H2PO4)2 
4. Phosphorus + sulfur 
The sulfur was tagged with S35 so that percent sulfur in the crop 
derived from fertilizer could be determined and ultimately soil sulfur 
delivery power (A value). In addition, total vegetative yield and 
sulfur yield in the alfalfa were determined. 
Laboratory measurements on the soil included organic matter 
(wet combustion), total nitrogen by Kjeldahl digestion, heat soluble 
sulfur, autoclave soluble sulfur, KH2P04 extractable sulfur using a 
solution of 500 ppm. P at 1 :5 soil:solution ratio, Ca(H2PO4)2 extract-
able sulfur as with the potassium salt, and water extraction with 
soil:solution ratio of 1 :5. For the methods embodying a sulfur extrac-
tion, the sulfur was determined by a modified turbidimetric proce-
dure, essentially as follows: evaporation of an aliquot of extract, 
digestion of the residue with nitric-perchloric acid, dilution with 
water, addition of sized BaCl2 crystals and comparison of turbidity 
produced against a suitable standard curve. 
Results from the above study are presented in Table 16, which 
shows correlation coefficients relating soil testing procedure to sulfur 
yield in alfalfa and to soil sulfur delivery power or A value (See 
Tables I, 3 and 4 in Appendix for complete data of the experiment). 
Table 16. Relation between soil tests for sulfur and two methods of registering 
sulfur uptake by alfalfa. 
Soil testing 
procedure 
Ca(H,PO,), extraction, I :5 
, -vater extraction, I :5 
KH,PO, extraction, 1:5 
Heat soluble, I :4 
Autoclave soluble, I :4 
Soil organic matter 
Soil nitrogen 
Correla tion coefficients• • relating soil tests to 
Sulfur yield in 
4 cuttings 
0.952 
.936 
.932 
.836 
.832 
.830 
.770 
Soil A value, 
m ean of 3 cuttings 
.917 
.847 
.807 
.788 
.782 
.695 
.684 
• • Linear correlation. All values exceed 1 percent level of significance . 
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The soils employed cover a wide range of textural and chemical condi-
tions, from sand to silty clay loam and from low to h igh organic 
matter and sulfur contents. Most effective extractants as evidenced by 
the highest r values are water and the phosphate solutions. 
Sulfate is the primary form of sulfur removed from the soil by 
water and phosphate extractants. It is known that some soil materials 
do adsorb sulfate so tenaciously as to prevent solution in a water 
extract, while phosphate extraction will bring about release of the 
sulfate by an exchange reaction. Although this phenomenon did not 
appear to an appreciable degree with any of this group of 24 soils 
it would nonetheless seem prudent to utilize the extractant which 
takes account of this possibility. Thus phosphate solution is preferred 
to water for routine soil extractions, monocalcium phosphate being 
more functional than the potassium salt due to lesser soil d ispersion 
and consequent easier filtration. 
The above correlations establish the efficacy of a phosphate solu-
tion for extracting plant available sulfur from the soil. It remains then 
to calibrate the test to crops grown under field conditions. Calibra-
tion seems to be particularly hampered by subsoil sulfur levels, much 
more so than observed in soil phosphorus test calibration. Nonethe-
less, the data of Table 2 in the Appendix would suggest for soils 
of sandy substratum that response to sulfur is reasonably assured at 
soil test levels below 6 ppm., that response is possible in the range of 
6-10 ppm., and that response is quite unlikely with test values in 
excess of 10 ppm. 
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APPENDIX 
Appendix Table I. Some properties of soils used in field and greenhouse 
experiments. 
Bray & 
Location, Kurtz Total 
county (farm) Organic C.E.C., No. I Sulfate nitro-
and soi la maller, m.e./ phos- sulfur, gen 
% I00g. p H phorus ppm." % ppm. p 
Antelope; sand 0.62 3.64 6.0 14 6.7 .045 
Brown; s.l. 1.46 9.46 5.4 9 7.5 .092 
Cherry; s.l. 0 .73 5.80 6.7 7 6.4 .047 
Garden; s.L 0.84 7.92 7.7 7 10.0 .057 
Garfield; L 1.79 12.74 6.2 42 14.7 .100 
Greeley; s.l. 1.32 7.52 5.7 7 10.7 .077 
Holt (Dick); s.c.l. 2.92 11.30 4.9 12 26.7 .151 
Holt (French); s.l . 1.16 7.78 5.4 6 8.5 .073 
Merrick (Ferris); l.s. 0.35 3.89 5.6 4 5.7 .029 
Merrick (Nicholas); Ls. 0.28 4.27 5.6 9 4.5 .030 
Pierce (Dean); Ls. 0.38 5.00 5.8 8 6.1 .029 
Pierce (S.C.D. Normal); s.l. 1.27 5.3 24 15.5 .073 
Pierce (S.C.D. Blowout); l.s. 0 .25 4 .50 5.8 2 3.7 .027 
Stanton; Ls. 0.47 6.45 5.8 8 4.9 .034 
Thomas (nonirrigated); s.l. 1.11 7.56 6.0 12 11.8 .062 
Thomas (irrigated); I.s. 0.75 4.77 6.5 14 7.1 .052 
Wheeler; s.l. 0.81 7.07 5.8 4 8.9 .058 
Soil testing correlation experimen t 
I . Thurman I.s. 0.48 5.5 15 2.6 0.030 
2. Shelby c.1. 1.30 5.6 11.6 .107 
3. Shelby c.I. 2.75 5.6 7 15.1 .128 
4. Thurman l.s. 0.40 5.8 10 3.5 .032 
5. Thurman I.s. 0.24 5.3 17 2.6 .022 
6. O'Neill s.l. 1.34 5.6 42 7.1 .083 
7. O'Neill s.J. 1.68 5.6 6.0 .1 23 
8. O'Neill I. 2.55 5.7 34 7.2 .161 
9. O'Neill s.l. 2 .14 5.6 23 6.3 .146 
10. Sharpsburg si.c.J. 3.39 5.4 45 14.6 .2ll 
11. Thurman l.s. 1.22 5.8 26 3.1 .091 
12. Thurman l.s. 0.70 6.4 7 3.0 .045 
13. Thurman l.s. 0.97 6.5 21 6.0 .061 
14. T hurman I.s. 1.40 6.2 25 5.4 .092 
15. T hurman l.s. 0.67 5.9 19 2.0 .035 
16. T hu rman l.s. 0.53 5.5 25 2.4 .031 
I 7. Wabash si.c.I. 3.36 5.6 70 14.5 .210 
I 8. Burchard si.c.J . 3.34 5.2 4 28.0 .207 
19. Hastings si.c.l. 3.23 6.0 123 18.4 .196 
20. Crete si .c.l. 2.53 5.6 15.2 .157 
21. Crofton si .c.1. 1.73 7.5 0 7.4 .142 
22. Thurman 1.s. 0.52 7.0 5 3.8 .039 
23. O 'Neill I. l.90 5.5 23 4.8 .123 
24. Nora si.l . 2.27 7.2 5.0 .163 
a S.=sa nd (y); l.= loam(y); c.=clay; si .= silt(y) . 
" Extracted with Ca(H2PO,)2 solution of 500 ppm. P, dilut ion of I :5 . 
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Appendix Table 2. Influence of sulfur fertilizers on the yield of alfalfa in field 
experiments (1953-61). 
Mean yield per acre per cutting 
(oven dry weight basis) 
Phos-
No. ofa No phosphorus Phosphorusc phate 
Location , cuttings extract-
county (farm ) harvested No 
I 
Sulfur" No 
I 
Sulfur• able sulfate, 
su lfur increase sulfur increase ppm. S yield in yield yield in yield 
% % 
Antelope (Hopkins) CJ 1600 3 1600 5 6.7 ,. 
Brown (Fling) 3 2200 9 2700 7 7.5 
Cherry (S totts) I 2000 3 2300 9 6.4 
Garfield (i\>I a tley) I 1300 16 1400 -5 14.7 
Greeley (.Johnson) 1 1800 0 1900 10 10.7 
Holt (Dick) 1 2300 -3 2600 2 26.7 
Holt (French) 2 2100 -I 2300 11 8.5 
Merrick (Ferris) 3 900 113 1700 44 5.7 
Merrick (N icholas) l 1700 - 1 2100 -2 4.5 
Pierce (Dean) 3 600 92 800 70 6.1 
Pierce (SCD-normal soil) 6 2500 8 2400 14 15 .5 
Pierce SCD (blow sand) 3 2300 3 2400 11 3.7 
Thomas (Robinson) 2 2400 --4 2300 0 11.8 
Wheeler (Martin) 2 1900 4 2100 19 8.9 
Stanton (Grevson) 1 1800 -6 3100 -5 4.9 
Holt (Burvial, 1960, 
2nd year) 2 2230 20 2740 6 6.0 
Antelope (Bohl, 1961) 3 740 73 990 65 3.1 
P ierce (Knaak , 1960) 4 1250 48 1610 47 3.0 
Pierce (Duerst, 1960) 3 3110 4 3260 0 6.0 
Pierce (SCD, 1960) 2 1070 I 1130 I 5.4 
Cedar (Lammers, 1962) 3 532 1294 8 1.8 
a Resu lts from second or third cuttings were di scarded at some locations because of 
severe drought. 
" Phosphorus applied at 86 lbs. P per acre as concentrated superphosphate. 
c Sulfur applied alone as elemental sulfur at 100 lbs. per acre, alternatively as sulfur and 
as gypsum on the last five locations at 50 lbs. suJfur per acre. 
d Sulfur applied as elemental sulfur or gypsum. At all but four locations both gypsum and 
elemental sulfur were used. These values are means of the two treatments. 
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Appendix Table 3. Influence of sulfur on the yield of alfalfa grown in green-
house experiments. 
Yields and increases d u e to t reatmen tsa 
Location, 
county (farm) 
a nd soil 
No phosphorus 
Antelope; sand 
Brown; s.l . 
Cherry; s.l. 
Garden; s. l. 
Garfield; 1. 
Greeley; s.l. 
Holt (Dick) ; s.c.l. 
Pierce (Dean); l.s. 
P ierce (S.C.D. Normal); s.l. 
Pierce (S.C.D. Blowout); l.s. 
Stan ton; l.s. 
Thomas (nonirrigated); s.l . 
Thomas (irrigated); l.s. 
Wheeler; s.l . 
No sulfu r 
yield 
g ./pot 
16.5 
10 .8 
12.1 
23.2 
26.1 
10.3 
13.0 
7.5 
9.4 
8. l 
16.2 
24.4 
21.2 
7.8 
1. Thurman l.s. 
Soi l testing correlation 
2.69 
2. Shelby c.L 
3. Shelby c.L 
4. T hurman l.s. 
4 .97 
2.72 
2.34 
5. Thurman l.s. 1.33 
6. O 'Nei ll s.l. 3.58 
7. O 'Neill s.l. 5.49 
8. O 'Neill L 4.60 
9. O 'Neill s.l. 4.76 
10. Sharpsburg si.c .l . 7.72 
11. Thurman Ls. 3.64 
12. Thurman Ls. 1.78 
13. T hurman Ls. 5.3 1 
14. Thurman Ls. 4.26 
15. Thurman l.s. 2.80 
16. T hurman l.s. 2. 14 
17. Wabash si.c.l. 7.18 
18. Burchard si .c.l. 2.37 
19. H astings si.c. l. 6.54 
20. Cre te si.c. l. 5 .91 
21. Crofton si .c.l. 4.50 
22. Thurman l.s. 4.00 
23. O'Neill 1. 4.05 
24. Nora si.1 . 3.39 
Increase 
d ue to 
sulfur 
% 
12 
13 
-3 
-1 8 
-4 
27 
18 
96 
7 
-1 
8 
3 
13 
experiment 
5 
17 
26 
45 
-4 
-9 
58 
54 
52 
11 
19 
7 
20 
26 
25 
- 19 
22 
4 
9 
3 
4 
43 
48 
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Phosphorus 
No sulfur 
yield 
g ./ pot 
21.2 
15.7 
I S. I 
29.1 
26.7 
13.3 
19.2 
8.5 
10.0 
21.9 
20.4 
31.6 
15.9 
17.0 
3.05 
6.73 
5.88 
3.05 
2.02 
4.88 
6.33 
5.06 
5 .29 
8.32 
4.52 
3.5 1 
6.26 
5.7 1 
3.17 
2.97 
8.57 
3.25 
7.57 
7.49 
5.66 
4.66 
5.02 
4.47 
Increase 
due to 
sulfur 
% 
-3 
18 
6 
28 
I 
61 
-13 
97 
22 
136 
3 
7 
32 
40 
51 
.2 
- 16 
84 
- 12 
-4 
47 
.39-
57 
13 
21 
46 
17 
10 
49 
- 7 
- I 
2 
-6 
0 
32 
72 
21 
80 
:i One ga llon pots and three cuttin gs of alfa lfa in first seri es; one- half ga llon pot s and four 
cuttings of a lfalfa in second series. 
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Appendix Table 4. Sulfur content of alfalfa grown in the greenhouse as influenced 
by soil and fertilizer treatments.• 
Treatment 
Location, 
county (farm) 
or soil Control Phosphorus Sulfur Phosphorus + sulfur 
% % % % 
Antelope 0.40 0.34 0.56 0.82 
Brown 0.50 0.46 0.53 0.58 
Cherry 0.42 0.44 0.72 0.64 
Garden 0.63 0.51 0.99 0.83 
Garfield 0.38 0.33 0.54 0.54 
Greeley 0.33 0.25 0.54 0.56 
Holt 0.50 0.34 0.69 0.72 
Pierce (Dean) 0.32 0.15 0.46 0.46 
Pierce (SCD) 0.31 0.34 0.49 0.51 
Stanton 0.36 0.32 0.53 0.48 
Thomas (Dry) 0.29 0.26 0.47 0.50 
Thomas (Irr.) 0.38 0.35 0.42 0.47 
Wheeler 0.52 0.31 0.59 0.47 
Soil testing correlation experiment 
I. T hurman Ls. 0.25 0.26 .37 .45 
2. Shelby c.1. .23 .25 .33 .33 
3. Shelby c.l. .30 .34 .46 .46 
4. Thurman l.s. .19 .20 .34 .39 
5. Thurman l.s. .22 .20 .53 .55 
6. O'Neill s.1. .21 .20 .33 .33 
7. O'Neill s.l. .23 .19 .37 .37 
8. O 'Neill I. .19 .19 .35 .25 
9. O'Neill s.l. .18 .23 .33 .39 
10. Sharpsburg si.c.l. .26 .22 .34 .33 
11. Thurman l.s. .29 .24 .34 .33 
12. Thurman 1.s. .27 .21 .44 .32 
13. T hurman l.s. .28 .27 .39 .33 
14. T hurman 1.s. .29 .23 .34 .32 
15. Thurman l.s. .22 .30 .41 .53 
16. Thurman J.s. .26 .27 .50 .54 
17. Wabash si.c.l. .39 .30 .37 .41 
18. Burchard si.c.l. .32 .31 .37 .33 
19. Hastings si.c.l. .32 .35 .39 .38 
20. Crete si.c.l. .29 .28 .35 .33 
21. Crofton si.c.l. .26 .19 .34 .34 
22. Thurman l.s. .21 .20 .31 .28 
23. O'NeiU I. .23 .22 .35 .32 
24. Nora si.1. 
.23 .24 .38 .35 
Mean .31 .28 .45 .45 
a Sulfur percentage values are for first cutting in the first 
mean of first and fourth cutting in second experiment. 
greenhouse experiment and are 
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Appendix Table 5. Analyses of variance for dry matter yield, yield of sulfur and 
nitrogen contained in the alfalfa forage as influenced by application of gypsum, 
flowers of sulfur, and sulfur particles 0.05- 0.10 mm. from 8-mesh material. 
Mean square 
Source and degrees Yield of Yield of S Nitrogen of freedom dry matter, in forage, content of 
g ./pot mg./pot forage, % 
Mixed application 
Material (M) 2 0.060 7.515" 0.025 
Rate (R) 3 6.047"" 444.906"" I.IOI"* 
Cuttings (C) 5 14.028"" 189.036"" 2.711° 
MxR 6 0.085 2.846 0.036 
MxC IO 0.272"" 7 .280"" 0.047 
RxC 15 0.839"" 9.097"" 0.153"" 
MxRxC 30 0.116 2.031 0.022 
Replication 2 0.045 3.935 0.033 
Error 142 0.090 1.593 0.029 
Topdressed 
Materials (M) 2 0.056 0.432 0.10 
Rate (R) 3 5.374"" 1,066.713"" 0.745"" 
Cuttings (C) 4 8.178"" 163.139** 1.193"* 
MxR 6 0.082 21.001 ** 0.014 
MxC 8 0.727"" 171.446"* 0.103"" 
RxC 12 0.226"" 23.539"" 0.097"" 
MxRxC 24 0.169"" 8.326"* 0.062"" 
R eplication 2 0.005 3.089 0.131 "* 
Error 118 0.077 4.568 0.025 
• Significance exceeds the 5 percent level. 
•• Significance exceeds the 1 percent level. 
Appendix Table 6. Analyses of variance for dry matter yield, yield of sul£ur and 
nitrogen contained in the alfalfa forage as influenced by application of 8-mesh 
su1£ur, particles 0.25-0.50 mm. in diameter, and particles 0.50-1.00 mm. in 
diameter from 8-mesh material. 
Mean sq uare 
Yield of S N itrogen 
Source and degrees Yield of in forage, conten t 
o f freedom dry matter, mg ./pot of forage, 
g. 1 pot % 
Mixed application 
Material (M) 2 3.380* 499.90** 0.787"" 
R ate (R) 3 4.170""' 1,020.61"" 0.546"" 
Cuttings (C) 5 15.040"" 332.13"" 1.673** 
MxR 6 .488 15.71 "" 0.083"" 
MxC 10 .237 24.16** 0.141"" 
R xC 15 .267 32.59"* 0.104"* 
MxRxC 30 .101 3.94 0.038"" 
R eplication 2 .015 1.68 0.068 
Error 142 .768 4.81 0.023 
Topdressed 
Material (M) 2 6.697"" 633.1 58"" 0.431"" 
Rate (R) 3 3.025"" 640.472"" 0.308"* 
Cuttings (C) 5 12.384"" 1,615.979** 1.660"" 
MxR 6 0.478*" 38.222** 0.201 "" 
MxC 10 0.663"" 46.665** 0.216"" 
RxC 15 0.350"" 49.541 *" 0.163"* 
MxRxC 30 0.148 8.844 0.041 
R eplication 2 0.153 9.994 0.239"" 
Error 142 0.125 8.511 0.035 
• Significance exceeds the 5 percent level. 
• • Significance exceeds the I percent level. 
36 
Appendix Table 7. Extractable sulfur of limed and non-limed Thurman loamy 
sand receiving different rates and particle sizes of applied sul£ur and incubated 
at 75 ° F. £or an 8-week period. 
Rate of applied Sulfur and incubation time 
Treatment 
20 ppm. 
\ ,x. 
80 ppm. I 320 ppm. 
I I w~s 4 \,Js ,Js. I wL. \ ,Js. ,~k . I 2 I wt. I 8 wk. wks. wks. wks. 
Lime: 
Check 2.2 2.7 3.2 2.5 
16 mesh 3.1 3.7 5.5 8.0 5.5 9.2 15.7 18.7 19.2 42.0 62.1 68.2 
1-.5 mm . 3.6 3.4 3.8 2.7 3.7 3.3 3.4 3.1 3.8 5.1 5.9 8. l 
.5-.25 mm. 2.5 2.9 3.2 2.9 3.8 3.9 4.0 5.0 8.0 10.0 17.2 33.6 
.25-.10 mm . 4.2 4.8 6.3 8.0 6.4 7.3 14.5 21.1 18.2 43.0 70.1 112.6 
< .IO mm. 6.1 10.0 14.3 16.3 19.8 44.6 65.1 74.3 84.4 126.6 177.8 209.7 
flour 6.7 8.0 12.2 14.0 14.3 34.5 51.1 59.9 71.8 131.1 173.l 207.3 
No Lime: 
Check 2.5 2.8 3.1 2.2 
16 mesh 4.2 5.4 5.2 3.6 4.2 3.9 9.5 14.7 8.6 20.9 35.l 51.4 
1-.5 1nm. 2.4 2.4 2.7 2.8 2.7 2.6 3.0 2.9 3.3 4.4 3.9 4.9 
.5- .25 mm. 2.6 2.6 2.5 2.1 2.8 3.l 3.2 3.2 4.9 5.7 6.6 17.7 
.25-.10 mm. 3.2 3.2 3.5 3.6 3.9 6.0 11.2 18.4 15.1 27.5 45.3 75.4 
< .IO mm. 4.2 5.2 10.2 IO.I 17.4 29.5 40.7 56.5 90.7 112.2 151.8 188.8 
flou r 7 .I 8.9 11.7 15.6 15.9 26.6 45.3 50.7 83.0 113.4 159.0 180.0 
Analysis of Variance 
Source df M.S. 
Replication 2 24.6 
Treatment 37 2,157.7 .. 
Material (M) 5 54,674.62 .. 
R ate (R ) 2 139,580.65 .. 
Lime (L) I 4,344.67 .. 
MxR 10 21,978.44 .. 
MxL 5 272 .96 
R x L 2 1,179.96 .. 
M x RxL 10 126. 15 
Weeks 3 2,336.8 .. 
E rror 413 210.4 

